Abstract: In this paper, we report the design, analysis, and simulation of a novel quadrupleband metamaterial absorber at microwave frequencies. The absorber is composed of delicate periodic patterned structures and a metallic background plane, which are separated by a dielectric substrate. By manipulating the periodic patterned structures, nearly perfect absorption can be obtained at four specific resonance frequencies. Moreover, the significantly high absorptions of quadruple peaks are insensitive to polarization independence, and the influence of the incident angle on the absorption for both TE and TM modes was also analyzed. To explain the absorption mechanism of the suggested structures, the electric and magnetic field distributions and the resistance matching principle were given. Importantly, the design idea has the ability to be extended to other frequencies, such as terahertz, infrared, and optical frequencies.
Introduction
Electromagnetic metamaterials (MMs) are composed of artificial atoms, whose electric and magnetic response could be flexibly tailored to meet desired macroscopic properties [1] . Benefiting from these novel properties, MMs have produced many exotic effects and devices, such as negative refraction [2] - [4] , sub-wavelength imaging super-lens [5] , and cloaking [6] . Recently, Landy has proposed a thin metamaterial absorber (MMA), in which electric and magnetic resonance makes the absorber possess matched impedance to eliminate the reflection and strongly absorb the incident wave [7] . Since then, many MMAs have been proposed and demonstrated at microwave [8] - [15] , terahertz [16] , [17] , infrared [18] , and optical frequencies [19] , [20] . In spite of the high absorption of MMAs, the absorption bandwidth of MMA is often narrow, i.e., typically no larger than 10% with respect to the central frequency, which remarkably limits their potential applications in some areas. Hence, the essential research about multi-band or broadband MMA is necessary. Actually, it is a challenge to engineer multi-band MMAs with high absorption because of the harsh perfect absorption conditions. Although several studies have been performed to design the MMA with multiple bands and wide range absorption peak [21] , [22] , most of them are dual-/triple-band, polarization-sensitive, and restricted in narrow incident angles, resulting in a lack of sufficient progress to the fabrication of high-performance multi-band (> 3) MMAs. Herein, another design of multi-band MMA composed with the novel resonant structure has been designed and demonstrated in this paper. Through optimizing material and structural parameters, we can achieve a multi-band, polarization-insensitive, wide-angle, and ultra-thin (=49 at the lowest fundamental resonant frequency) MMA. Different from the previous work, the proposed MMA is comprised of four absorption peaks within a relatively concentrated frequency range with the nearly-perfect absorption rates above 99%. These merits make it a promising candidate for many potential applications, such as the spectroscopic detection and phase imaging.
Structures Design and Simulations
The unit cell geometry of proposed MMA is given in the Fig. 1(a) . The copper pattern (0.017 mm thick) with an electric conductivity of 5:8 Â 10 7 S/m is periodically printed on the top layer of a commercial FR4 dielectric substrate(0.217 mm thick) with a relative permittivity of 4.4 and a loss tangent of 0.02. Moreover, a copper plate with thickness of 0.017 mm is printed on the bottom of the dielectric substrate.
A numerical simulation was performed for the proposed MMA with a commercial program, CST MICROWAVE STUDIO 2013. In the simulation, the unit cell boundary conditions were utilized in the x-and y-directions while a plane wave with the electric field polarized along the y-direction was incident downward on the MMA along the z-direction. Due to the metallic sheet packed on the bottom of the proposed MMA, the absorption A is determined by A ¼ 1 À jS 11 j 2 À jS 21 j 2 with jS 21 j ¼ 0, where S 21 and S 11 are S parameters relevant to the transmission and reflection, respectively. The simulation result of absorption curve is shown in Fig. 2 . It can be seen that the pattern is composed of four nearly perfect absorption peaks at 28.21 GHz, 39.59 GHz, 52.78 GHz, and 58.63 GHz with absorption rates of 99.47%, 99.94%, 99.05%, and 99.55%, respectively.
To better understand the physics of the suggested quadruple-band MMA, the electric and magnetic field distributions at some frequencies are depicted in Fig. 3 . For the convenience of analysis, the graphic of MMA is divided into four quadrants, as shown in Fig. 3 . It is evident that, the first resonance frequency is mainly contributed by the large electric split ring resonators (ESRRs) in each quadrant [see Fig. 3(b) ] while the fourth resonance frequency is mainly provided by the small ESRRs in each quadrant [see Fig. 3(h) ]. In such two cases, the electric field is mainly localized within the oblique slots of ESRRs [see Fig. 3 (a) and (g)], enabling the electric energy to be mainly confined in those regions. In addition, the induced current in the ground plate is anti-parallel to those exhibited in the top layer, generating a strong magnetic resonance. As shown in Fig. 3(c) and (e), the electric field at the second resonance frequency is localized within the slots between large ESRRs, and the electric field at the third resonance frequency is mainly distributed within the slots between large and small ESRRs. Therefore, most of the power is lost due to the high confinement of energy. Meanwhile, the distribution of currents at the second frequency are mainly along the adjacent bars of two large ESRRs [see Fig. 3(d) ], while the surface currents at the third resonance frequency mainly concentrate on the bars of large and small ESRRs in each quadrant [see Fig. 3(f) ]. The antiparallel currents, appearing at different positions in the ground plate, associated with the two electric resonances, are also excited to provide the corresponding magnetic resonances.
It's well known that the transmission and reflection are dependent on the impedance zðf Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
On the condition that the ðf Þ and ðf Þ are tuned to achieve perfect impedance matching with the free space zðf Þ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
ðf Þ=ðf Þ p ¼ 1, the electric and magnetic fields of incident electromagnetic wave could be absorbed remarkably. Referring to [23] , the retrieved impedance equation can be expressed as
From (1), the real and imaginary parts of relative impedance could be obtained, as shown in Fig. 4 . We could find that the relative impedances at four resonance frequencies are 0:899 À 0:066i, 0:994 þ 0:004i, 0:859 À 0:136i, and 1:10 þ 0:097i, respectively. Quantitatively, therefore, the relative impedances are approximately equal to the free-space impedance at each absorption frequency, leading to the nearly perfect abortion.
Discussion
Although the proposed absorber has been investigated in the situation of perpendicular incidence in Section 2, it is still necessary to discuss the cases of large angle incidence. Fig. 5(a) shows the numerical results of absorption spectra with theta, where theta is the angle between the wave vector and the z-axis. It is obvious that the first and second peak absorptions are above 96% and undergoes a negligible variation with theta varying from 0 to 40 . Different from the previous two frequencies, the absorption rates of the third peak decreased from 99% to 90% while the resonance frequency is immobile. For the fourth peak, the absorption rates increased slightly while the resonance frequency drifts to lower frequency gradually.
Specifically, for the TE case shown in Fig. 5(a) , the four peak absorption values of 99.47%, 99.94%, 99.05% and 99.55% at normal incidence. With the increase of incidence angle, the absorptions of four bands remain quite large at 99.38%, 96.15%, 91.71% and 99.836% at 40
. Beyond this there is a monotonic decrease in the four absorption peaks, as the incident magnetic field decreases rapidly and can no longer efficiently excite the magnetic polarization.
For the case of TM polarization shown in Fig. 5(b) , the four peak absorption values at normal incidence are close to 1 and remain larger than 95% for all angles of oblique incidence. In such case, the magnetic polarization that causes the resonant absorption can be effectively excited by the magnetic field, which is important to maintain the impedance matching at all angles of incidence. In addition, there is also a slight frequency shift in the range of 100 MHz for all the peaks. As illustrated in Fig. 5 , this quadruple-band MMA operates quite well for both TE and TM polarizations over a large range of angles of incidence.
Furthermore, the influence of thickness of dielectric substrate ðh 2 Þ on the absorption is discussed. Fig. 6 shows the absorption with the thickness of dielectric substrate varied from 0.2 mm to 0.3 mm for TE polarizations. From the graphic, we can see that the first absorption frequency and peak are sensitive to h 2 . The absorption rates decreased from 99.47% to 92.17% with the h 2 increased to 0.3 mm. By contrast, the parameter h 2 has little effect on the other three peaks, whose absorption rates always maintain above 97%. That means the thickness of dielectric substrate is a key parameter to achieve high absorption rates at all resonance frequencies.
Conclusion
We have designed a quadruple-band MMA, which consist of a delicate periodic patterned structures and a metallic background plane, separated by a dielectric substrate. By optimizing structural parameters, the absorption of quadruple-peaks proves to be not only nearly-perfect ð> 99%Þ but polarization-insensitive as well because of its own symmetry. Moreover, the numbered results demonstrated that the absorption of suggested MMA could reach 90% over a wide range of oblique incident angle. By virtue of the electric and magnetic field distributions and resistance matching principal, the resonant mechanism of quadruple-band MMA was demonstrated briefly in this paper. Compared with the previous studies, there exist more number of absorption bands relatively concentrated in a certain frequency range. With the geometrical scalability, the proposed MMA could be extended to other frequencies, such as terahertz, infrared and optical frequencies, which has great potential to be applied in the practical applications.
